ABSTRACT: Biochemical and structural studies indicate that electrostatic and hydrophobic interactions are critical in the formation of optimal complexes for efficient electron transfer (ET) between ferredoxin-NADP + reductase (FNR) and ferredoxin (Fd). Moreover, it has been shown that several charged and hydrophobic residues on the FNR surface are also critical for the interaction with flavodoxin (Fld), although, so far, no key residue on the Fld surface has been found to be the counterpart of such FNR side chains. In this study, negatively charged side chains on the Fld surface have been individually modified, either by the introduction of positive charges or by their neutralization. Our results indicate that although Glu16, Glu20, Glu61, Asp65, and Asp96 contribute to the orientation and optimization of the Fld interaction, either with FNR or with photosystem I (PSI) (presumably through the formation of salt bridges), for efficient ET, none of these side chains is involved in the formation of crucial salt bridges for optimal interaction with FNR. These data support the idea that the FNR-Fld interaction is less specific than the FNR-Fd interaction. However, analysis of the reactivity of these mutated Flds toward the membraneanchored PSI complex indicated that all mutants, except Glu16Gln, lack the ability to form a stable complex with PSI. Thr12, Thr56, Asn58, and Asn97 are present in the close environment of the isoalloxazine ring of FMN in Anabaena Fld. Their roles in the interaction with and ET to FNR and PSI have also been studied. Mutants at these Fld positions indicate that residues in the close environment of the isoalloxazine ring modulate the ability of Fld to bind to and to exchange electrons with its physiological counterparts.
Electrostatic and hydrophobic interactions play an important role in the formation of optimal complexes for efficient electron transfer (ET) 1 between proteins (1, 2). In the photosynthetic ET chain, electrons are transferred from photosystem I (PSI) to ferredoxin-NADP + reductase (FNR) via ferredoxin (Fd). In this system, specific recognition and binding between FNR and Fd are required for efficient ET (3) (4) (5) (6) (7) . Thus, electrostatic interactions orient the proteins for formation of an initial complex, whereas hydrophobic interactions are critical in the formation of the optimal complex for ET (5, 6, 8) . The structures of the FNR-Fd complexes from Anabaena and maize have been determined by X-ray crystallography (9, 10) , confirming the importance of the nature of the interactions that was established by biochemical studies. Thus, biochemical and structural data indicate that Fd binds in a concave cavity around the FAD group of the reductase, where residues Lys75, Leu76, and Leu78 on the FNR surface play a crucial role in complex formation, by interacting with the side chains of Glu94 and Phe65 on Fd (5) (6) (7) (8) (9) (11) (12) (13) (14) .
Flavodoxins (Fld) are small R/ flavoproteins that contain a noncovalently bound FMN cofactor. In cyanobacteria and certain algae, Fld is synthesized instead of Fd when the organism is grown under low-iron conditions and replaces it in the transfer of one electron from PSI to FNR by shuttling between the semiquinone and hydroquinone states (15) . Although the three-dimensional structure of Anabaena Fld is known (16) , the structure of the FNR-Fld complex remains undetermined. Biochemical studies indicate that Fd and Fld interact with the same region on the FNR surface (5, 17, 18) . Thus, Lys75, Leu76, and Leu78 in FNR are also essential in the stabilization of an optimal complex for ET between FNR and Fld (7, (17) (18) (19) . However, although the roles of several Fld residues, either acidic or hydrophobic in nature (namely, Trp57, Ile59, Glu61, Glu67, Ile92, Tyr94, Asp100, Asp126, Asp144, and Glu145), have been analyzed, none of them has shown to be critical neither for complex formation nor for ET between Fld and FNR (19) (20) (21) (22) . Thus, the two aromatic residues, Trp57 and Tyr94, that sandwich the FMN cofactor do not play an active role in the Fld redox reactions with FNR. However, these residues have been shown to be involved in setting an appropriate structural and electronic environment that modulates in ViVo ET from PSI to FNR while also providing tight FMN binding (22) . In addition, although the side chains of Ile59 and Ile92 Fld do not seem to be critical in the interaction and ET processes with FNR, they are important both in complex formation and in ET between PSI and Fld (19) .
In this study, the parameters that regulate ET from PSI to FNR via Fld have been further studied by analyzing other Fld side chains that might be critical in the processes of interaction and ET with both Fld substrates, either by being involved in the protein-protein interaction or by modulating the properties of the FMN ring. We have tried to find the counterpart residue of Lys75 on the FNR surface by eliminating negatively charged side chains on the Fld surface. The following mutants have been constructed: Glu16Gln, Glu20Lys, Glu61Ala, Glu61Lys, Asp65Lys, and Asp96Asn ( Figure 1A ). In addition, the effect produced by replacement of Fld residues situated in the vicinity of FMN on the ET from PSI to FNR has also been analyzed by the study of the Thr12Val, Thr56Gly, Thr56Ser, Asn58Cys, Asn58Lys, and Asn97Lys Fld mutants ( Figure 1B) . A role has been demonstrated for some of these positions in the modulation of FMN reduction properties or/and in FMN binding to Fld (23, 24) .
MATERIALS AND METHODS
Biological Material. Site-directed mutagenesis to produce Thr12Val, Glu16Gln, Glu20Lys, Thr56Gly, Thr56Ser, Asn58Lys, Asn58Cys, Glu61Ala, Asp65Lys, Asp96Asn, and Asn97Lys Anabaena sp. PCC 7119 Fld mutants was described previously (23) (24) (25) (26) . Fld mutants were overproduced in Escherichia coli and purified as previously described (22, 24) . Recombinant WT FNR was purified from E. coli cultures containing the FNR gene from Anabaena sp. PCC 7119, as previously described (27) . UV-vis spectra and SDS-PAGE were used as purity criteria. PSI particles from Anabaena sp. PCC 7119 were obtained by -dodecyl maltoside solubilization (28) . The P700 content in PSI samples was calculated from the photoinduced absorbance changes at 820 nm using an absorption coefficient of 6.5 mM -1 cm -1 (29) . The chlorophyll concentration was determined according to the method of Arnon (30) . The chlorophyll/P700 ratio of the resulting PSI preparations was 140/ 1. The same batches of PSI and flavoproteins were used throughout this study.
Spectral Analysis. UV-vis spectra were recorded on a Kontron Uvikon 942 spectrophotometer. Dissociation constants and changes in extinction coefficients for the complexes between WT FNR ox and Fld ox were obtained by difference spectroscopy as previously described (19, 27) . The cuvettes contained approximately 20 µM FNR, to which aliquots of Fld were added. Dissociation constants and difference extinction coefficients for the complexes were obtained by using nonlinear regression to fit the experimental data to the theoretical equation for a 1/1 stoichiometric complex. Errors in the estimated K d and ∆ values were (15%. Unless otherwise stated, all measurements were carried out at 25°C in 50 mM Tris-HCl buffer (pH 8.0). CD spectra were recorded in a Jasco 710 spectropolarimeter using a cuvette with a path length of 1 cm that contained 5 mM Tris-HCl buffer (pH 8.0). The protein concentration was 0.7 µM for far-UV spectra and 4 µM for the UV-visible spectra.
Steady-State Kinetic Analysis. The FNR-dependent NADPHcytochrome c reductase activity was assayed by using Fld as the carrier of electrons from FNR to cytochrome c (Cytc) (19, 27) , according to the following scheme: The standard reaction mixture contained, at 25 ( 1°C, 50 µM NADPH, 2.5 nM FNR, 0.75 mM Cytc (Sigma), 50 mM Tris-HCl (pH 8.0), and different concentrations of a Fld mutant. Values for K m and k cat were determined by fitting the kinetic data to the Michaelis-Menten equation, and were estimated to have errors of (15 and (10%, respectively.
Fast Kinetic Analysis. Fast ET reactions between FNR and Fld and between Fld and Cytc were studied by stopped-flow spectrophotometry under anaerobic conditions in an Applied Photophysics SX17.MV spectrophotometer interfaced with an Acorn 5000 computer, using the SX.18MV software of Applied Photophysics as previously described (19, 27) . The apparent rate constants (k ap ) were calculated by fitting the data to mono-or biexponential processes. At least 8-10 apparent constants were averaged to calculate each final rate constant. Samples for stopped-flow analysis were made anaerobic in specially designed tonometers by several cycles of evacuation and flushing with O 2 -free argon. Reduced FNR and Fld were prepared by photoreduction with 5-deazariboflavin (27) . Reactions between FNR and Fld and between Fld and Cytc were followed at 600 and 550 nm, respectively, by mixing at a 1/1 molar ratio to give final protein concentrations of 10-12 µM. Reactions between Fld and Cytc were also carried out using a 1.3 molar ratio, with final Fld concentrations of 10-12 µM. Errors in the estimated k ap values were (15%. All reactions were carried out in 50 mM Tris-HCl buffer (pH 8.0) at 13°C.
The interaction and ET between PSI and Fld were analyzed by laser flash spectroscopy following absorbance changes at 580 nm at room temperature and under aerobic conditions as previously described (19, 22) . The wavelength of 580 nm was chosen for monitoring Fld semiquinone formation with the smallest possible contribution of PSI to the absorbance change. All the experiments were carried out in a cuvette with a path length of 1 cm at 22 ( 1°C. Unless otherwise stated, the standard reaction mixture contained, in a final volume of 1 mL, 20 mM Tricine-KOH (pH 7.5), 0.03% -dodecyl maltoside, an amount of PSI-enriched particles equivalent to 35 µg of chlorophyll/mL, 0.1 µM phenazine methosulfate, 2 mM magnesium chloride, 2 mM sodium ascorbate, and Fld at the indicated concentration. The ascorbate and phenazine methosulfate ensure that PSI ox is totally re-reduced between flashes. Data collection and analysis were as previously described (31, 32) . Each kinetic trace was the average of 40-50 independent measurements with a 30 s spacing between flashes. Samples were protected from actinic light between flashes by an electronic shutter synchronized with the laser trigger. The estimated error in the observed rate constants (k obs ) was less than 20%.
In Silico Mutation and Calculation of the Surface Electrostatic Potential and Dipole Moment. On the basis of the Anabaena Fld three-dimensional structure (Protein Data Bank entry 1flv), models for the different mutants have been generated using Swiss-PdbViewer (GlaxoSmithKline Research and Development). The surface electrostatic potential was calculated for each Fld variant model with version 3.7 of Swiss-PdbViewer using the Poison-Boltzman electrostatic potential tool (33) . The dipole moment (µ) for WT and mutated Flds has been calculated by using the equation µ ) ∑q i r i , q i and r i being the partial charge and the coordinates for the position, respectively, of each protein atom. The partial charge on each protein atom was taken from the AMBER force field (34) and that for each atom of the FMN cofactor from ref 35 . The center of mass of each protein was used as a reference position for the calculation of µ.
RESULTS

Expression, Purification, and Spectral Properties of the Different Fld Mutants.
The level of expression of mutants of Fld at residues Thr12, Glu16, Glu20, Thr56, Asn58, Glu61, Asp65, Asp96, and Asn97 were similar to that of the WT protein. The spectral properties (UV-vis absorption and CD spectra) of most of the mutants were also similar to those of WT Fld (see refs 23-26) . The shapes of the UVvis absorption spectra and the extinction coefficients at the maxima of Thr56Gly and Asn58Lys Fld were slightly different from those of WT Fld (not shown; see ref 23) , indicating that a slight modification of the flavin ring environment had occurred. However, the CD spectra indicated that no major structural perturbations had been produced by any of the mutations.
Steady-State Kinetic Analysis of the Different Fld Mutants.
The k cat values obtained for FNR when using the different Fld mutants as electron carriers in the Fld-mediated NADPHdependent cytochrome c reductase assay were similar to that reported when using WT Fld. The only exception was the Thr56Gly mutant for which k cat was more than twice that of WT ( Table 1 ). The mutations had stronger effects on the K m . The FNR K m values for Thr12Val, Asp65Lys, and Asp96Asn Fld mutants were slightly up to 3 times lower than that for WT Fld. In contrast, the K m values for the remaining Fld mutants were greater than that of WT Fld, suggesting a loss of specificity in the interaction had occurred. The K m values for Glu16Gln, Thr56Gly, Thr56Ser, Asn58Lys, and Asn97Lys Fld were up to 3 times higher than that of WT Fld, and even weaker interactions were observed for Glu20Lys, Glu61Ala, and Glu61Lys Flds, with values up to 5-fold higher than that for WT Fld (Table 1) . With three exceptions, the catalytic efficiencies (k cat /K m ) of FNR with the different Fld variants as electron carriers were much lower than when WT Fld was used as the carrier. The exceptions were Thr12Val, Asp65Lys, and Asp96Asn Fld which had efficiencies similar to that of WT Fld. The largest effect was seen with Asn58Cys Fld, the activity of which was so low that values for k cat and K m could not be determined.
Interaction of Fld ox Variants with WT FNR ox . The difference spectrum that occurs when WT Fld ox and FNR ox form a complex shows absorption maxima around 390 and 464 nm. It has been proposed that the difference spectrum arises from an alteration in the flavin environment of FNR (22, 27) . Similar spectral perturbations were observed for the complexes between FNR ox and all the Fld ox mutants analyzed here (not shown), indicating that the FNR flavin environment is altered to the same extent. The K d values for the complexes with Thr12Val, Asp65Lys, and Asn97Lys Fld are close to that of the complex with WT Fld, but the values determined for the rest of the mutants were greater (Table 2) . Thus, the complexes with Glu20Lys, Thr56Ser, Glu61Ala, and Glu61Lys Fld ox forms were 4-6 times weaker than that with WT Fld, and even weaker complexes were formed with Glu16Gln, Thr56Gly, Asn58Cys, Asn58Lys, and Asp96Asn Flds (K d values up to 10 times higher). The difference extinction coefficients at 462 nm for the complexes (∆ ) were all within a factor of 2.5 of that obtained with the WT protein ( Table  2) .
Kinetic Analysis of the Electron Transfer between FNR and Fld Mutants. Reduction of FNR ox by Fld rd can be followed by measuring the increase in the absorbance at 600 nm due to the formation of the flavin semiquinones of both proteins (19, 22, 27) . The reaction with the WT proteins is too fast to be measured by stopped-flow spectrophotometry. However, the reaction of FNR ox with excess Fld rd is slower when mutants of FNR or Fld are used, and earlier analyses showed that the overall process takes place in two steps: formation of the semiquinones of both proteins followed by further reduction of FNR sq to the fully reduced state (19, 22, 27) . Table 3 gives the kinetic parameters corresponding to these two processes as determined by stopped-flow. The reduction of FNR ox by the fully reduced forms of Thr12Val, Glu16Gln, Glu20Lys, Thr56Ser, Asp65Lys, or Asp96Asn Fld rd was similar to the reaction observed with WT Fld, the first process taking place mainly within the instrumental dead time (k ap1 > 600 s -1 ). In the reaction with the WT proteins, the second process is too fast to be distinguished from the first, and therefore, k ap2 cannot be separated from k ap1 (27) . However, this process is considerably slower for some of these mutants, allowing k ap2 to be determined (Table 3) . This was the case for the reactions with Asn58Cys, Asn58Lys, Glu61Ala, Glu61Lys, and Asn97Lys Fld rd which were considerably slower than that of WT, and thus, k ap values for both processes can be determined (Figure 2A and Table  3) . No reaction at all was observed with Thr56Gly Fld rd .
The reverse reaction of WT FNR rd with WT Fld ox is a relatively slow two-step process. The two steps are production of both flavoprotein semiquinones (Fld sq and FNR sq ) followed by the reduction of a second Fld ox molecule by the FNR sq produced in the first step (given as result a second molecule of Fld sq and FNR ox ) (27) . With one exception, the corresponding kinetic traces for the reaction of all Fld ox mutants were also best fitted to a biphasic process ( Figure  2B ). The exception was the Thr56Gly Fld mutant for which the kinetic trace fitted to a single-exponential process. The two k ap values for most of the mutants were within a factor of 2 of those of WT Fld ox . However, the reactions with Glu20Lys, Asn58Lys, Glu61Ala, and, in particular, Thr56Gly Flds were faster ( Table 3 ). The amplitudes of the kinetic traces for the reactions were in general within a factor of 2 of that of the WT Fld process. The only exception was observed in the Asp65Lys Fld ox for which the amplitude was only 25% of that observed in the corresponding reaction with WT, suggesting that in this later case the reaction is taking place to a much lesser extent. Finally, the monoexponential behavior of the process with Thr56Gly Fld, with a k ap value 10-fold higher than that observed for WT Fld, indicates that removal of the Thr56 side chain produces an important change in the mechanism of ET from FNR to Fld. The monoexponential behavior observed for this mutant might be due either to an almost full consumption of FNR rd by the first step or to a change in the mechanism of ET from the reduced FAD to the Fld FMN.
Kinetic Analysis of Cytc Reduction by Fld Mutants.
The reaction between Fld rd forms and Cytc ox was investigated by stopped-flow methodology in an effort to determine whether the changes observed in the catalytic assay of NADPH-cytochrome c reductase activity might be due to alterations in the interaction and ET between Fld and Cytc. When WT Fld rd was reacted with Cytc ox , an increase in absorbance at 550 nm was observed, due to Cytc ox reduction, and the change was best fit by a two-exponential process. This biphasic behavior has been proposed to be consistent with the production of Cytc rd and Fld sq and then reduction of a second Cytc ox molecule by Fld sq (19) . Similar twoexponential kinetics were observed for selected Fld mutants (Table 4) , but the values for the apparent rate constants were different from those determined with WT Fld. The rate constants determined from the reaction of Cytc ox with Glu20Lys and Glu61Ala Fld rd were similar to those determined with WT Fld rd , indicating that Glu20 and Glu21 do not play a role in the Cytc-Fld interaction. In contrast, the rate constants determined for Thr56Gly Fld rd were 4-fold greater, while for Thr56Ser and Asn97Lys Fld rd , they are smaller, indicating that these mutants are less efficient in the process of ET to Cytc ox (Table 4 ). It is notable that while for most of the mutants the k ap values increased with an increase in the concentration of Cytc, the k ap values for the reduction of Cytc ox by Thr56Gly Fld rd decreased with an increase in Cytc concentration (not shown).
Kinetic Analysis of Reduction of Fld Mutants by PSI.
To gain deeper insight into the interaction forces and ET features involved in the reduction of Fld by PSI rd , we also analyzed the reactivity of the different Anabaena Fld ox mutants toward PSI using laser flash absorption spectroscopy. Reduction of Fld mutants to the semiquinone state by PSI rd followed monoexponential kinetics for WT and all of the mutants (not shown). The pseudo-first-order rate constants (k obs ) for reduction of WT, Thr12Val, Glu16Gln, Thr56Gly, and Asn97Lys Flds by PSI were found to depend nonlinearly on the Fld concentration, showing a saturation profile ( Figure  3A) , as previously reported for the WT Anabaena Fld-PSI system (19, 20, 22, 36) . This suggests that a bimolecular transient PSI rd -Fld ox complex is formed prior to ET, according to a minimal two-step reaction mechanism described previously (20, 37, 38) , and allows the ET first-order rate constant (k et ) to be estimated (experimentally inferred from the limiting k obs at an infinite Fld concentration) together with the equilibrium constant for complex formation (K a ) (32) . The values obtained for K a and k et are shown in Table  5 . Replacing either Thr56 with Gly or Asn97 with Lys caused a 3-fold increase in the k et value and a 2-fold decrease in the K a value compared to those of WT Fld, whereas the Glu16Gln Fld mutant behaved like WT Fld. The efficiency of the reduction of the Thr12Val mutant by PSI was, in its turn, significantly poorer compared with the WT system, showing both lower k et and K a values ( Table 5) .
The remaining Fld mutants exhibited a linear dependence of k obs on Fld concentration (Figure 3 ). This indicates that PSI rd and these Fld ox mutants react by means of a collisionaltype mechanism, in which no detectable transient complex is formed. Second-order bimolecular rate constants (k 2 ) for Fld reduction can be estimated from the linear plots shown in Figure 3 (Table 5 ). It is interesting to note that although the observed linear dependences indicated that the equilibrium constant for complex formation was decreased, the k obs values obtained at high Fld concentrations for the Glu61Ala and Glu61Lys Fld mutants are higher than for WT Fld ( Figure 3B ). In contrast, the Asn58Cys and Asn58Lys Fld mutants gave k obs values that are 3-fold smaller, while the values for the Glu20Lys, Thr56Ser, Asp65Lys, and Asp96Asn mutants were similar to those of WT Fld (Figure 3 and Table  5 ).
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DISCUSSION
Surface electrostatic potential and dipole moment calculations indicate that there is very strong dipole in the Fld molecule (Table 6 and Figure 4A ). The N-terminal residues are the only ones that produce an accumulation of positive potential on the surface (Figure 4A ), pointing the negative dipole of the molecule toward the flavin ring. Several charged residues on the surface of Fld and in the FMN environment have been replaced (namely, Glu16, Glu20, Glu61, Asp65, and Asp96) ( Figure 1A) . With the exception of Asp65, the Fld mutants exhibit a slight weakening of the interaction or a decrease in the rate of the ET processes with FNR (Tables  1 and 2 ). The mutations introduced at Asp61 side chains are the ones that most impair complex formation and ET. Since the reduction potentials for these mutants are similar to those of WT Fld (23), the observed effects have to be the result of slightly different modes of interaction of Fld with FNR. Analysis of the surface electrostatic potentials of the mutants indicates that the mutations produce very localized effects by including small and localized patches of positive electrostatic potential ( Figure 4B,C,E) . The data suggest that none of these mutations breaks single salt bridges that are crucial for the interaction and, therefore, that none of these Fld side chains resembles the critical role played by Glu94 on Fd (12) . Nevertheless, our data indicate that residues Glu16, Glu20, Asp65, Asp96, and, in particular, Glu61 contribute to the correct FNR-Fld interaction for efficient ET (Tables 1-3 ). The dipole moment of the mutants compared with that of WT Fld suggests that the observed effects might be related to alterations in the module and direction of the overall dipole of Fld (Table 6 ). Such changes might produce orientations between Fld and FNR that are weak or nonoptimal for ET, or even others that are more adequate for ET. Superposition of the X-ray structure coordinates of FNR and Fld onto those for NADPHcytochrome P450 reductase, an enzyme that comprises FNR and Fld domains, might provide a good model for the FNRFld interaction. This model leads to a shortest distance between the two flavin rings of ∼4 Å and suggests that Fld could be oriented in different ways on the FNR surface without significantly altering the distance between the methyl groups of FAD and FMN (7) . If the main requirement for ET is the proximity of the redox centers in a nonpolar environment, this might explain why mutagenesis of the individual residues has not revealed one that is critical for the efficient interaction with FNR and why subtle changes in the Fld surface electrostatic potential and dipole moment still produce complexes that allow ET.
The roles in FNR-Fld interaction and ET of residues located close to the FMN of Fld have also been analyzed ( Figure 1B) . No major alterations were observed in the parameters of the Thr12Val Fld reactions, indicating that the side chain of Thr12 is not involved in either association or ET, but rather has a role in FMN binding (24) . Mutations introduced at residues Thr56, Asn58, and Asn97 produced slightly weaker interactions with FNR (Tables 1 and 2) , mainly altering the ET process (Tables 1 and 3) . Replacement of Thr56 with Gly enhances ET from FNR rd to Fld ox (Tables  1 and 3) , whereas the reverse ET reaction from Fld rd to FNR ox (Table 3 ) was abolished. This mutation increases E sq/rd by 63 mV (to -376 mV), whereas the corresponding replacement by Ser has no effect on the reduction potential (23) . The E sq/rd value for the Thr56Gly mutant suggests that full reduction by FNR rd (E ox/rd ) -374 mV) might be achieved. However, analysis of the reaction by stopped-flow spectrophotometry indicates that the semiquinones of both proteins accumulate, an observation that is not consistent with a twoelectron transfer process. Since E ox/sq for this mutant is similar to that of WT Fld, structural aspects that affect the flavin environment must account for the observed effect. A similar behavior has been reported for replacement of Tyr94 with Ala (22) , the authors concluding that enhancement of ET from FNR rd to Fld ox was due to the greater accessibility of the isoalloxazine of FMN. In support of this, the theoretical three-dimensional structure for Thr56Gly Fld (see Figure 8 from ref 23) suggests that the FMN in this mutant is more accessible to the solvent when Fld is free in solution and, presumably, more accessible to reduction when it is in a complex with FNR. Since no reaction at all was observed for the reverse process when the reduced form of this mutant was mixed with oxidized FNR, we cannot determine whether this reaction is not taking place at all or it is too fast to be detected. The alteration of E sq/rd (+63 mV) cannot explain either of the two possibilities, and accessibility of the FMN and structural factors around the flavin ring should account for it. The importance of the FMN accessibility in the ET processes is also explained by analyzing the ability of these mutants to reduce Cytc (Table 4) . Thus, although the driving force for the process is large enough for the reactions with both Thr56Gly and Thr56Ser Flds, Thr56Gly Fld reduces Cytc faster than WT Fld whereas the ET process from Thr56Ser Fld rd is considerably hindered. Replacement of Asn58 with Cys or Lys and of Ans97 with Lys produced Flds that donate electrons to FNR more slowly than WT Fld (Table 3) . Replacement of Asn58 with Cys hindered the reverse process (Tables 1 and 3 ), but replacement with Lys seems to enhance the ET process itself ( Table  3 ). The behavior of the reoxidation process of the Asn58Cys mutant cannot be explained thermodynamically, since the mutation does not lead to major changes in its reduction potential (23) . The weaker interaction of the oxidized forms of this mutant with FNR ox might promote a different mutual orientation of the protein electrostatic surfaces, making the complex less optimal for ET ( Figure 4D,F) . Introduction of a Lys side chain at positions Asn58 or Asn97 has been shown to make E sq/rd less negative (32 and 18 mV, respectively) and E ox/sq more negative (-23 and -16 mV, respectively), which might account in some degree for the alterations in the kinetic parameters. Other explanations for the effects, such as different orientations between the redox centers in the complexes formed with FNR, due to changes in the dipole moment of these Fld mutants (Table 6 ), or structural aspects that affect the flavin environment, cannot be discarded.
Interaction and ET between PSI rd and Fld ox mutants were analyzed by laser flash photolysis. The results indicate that in the mutants in which negative charges had been removed, ET no longer takes place by formation of a transient complex but rather through a collisional-type mechanism, with the exception being the Glu16Gln mutant (Figure 3) . The data indicate that residues Glu20, Glu61, Asp65, and Asp96 play an important role in the interaction of Fld with PSI, presumably through the formation of salt bridges. Moreover, the k obs values obtained for the Glu61Ala and Glu61Lys Flds are greater at all the PSI/Fld ratios assayed than those obtained for the WT protein, suggesting that the WT complex is not optimized for ET, which can be explained as the complex favoring protein-protein specificity versus kinetic efficiency.
The association constants for the PSI rd -Fld ox complexes with the Thr12Val, Thr56Gly, and Asn97Lys mutants are similar to that for the complex with WT Fld, indicating that the ability of Fld to bind PSI is not affected by the mutations. However, differences are observed for k et . The k et for the reaction between PSI rd and Thr12Val Fld ox is ∼4-fold lower than that for WT Fld, suggesting that the complex with the mutant protein is not optimal for ET. Since Thr12 is not accessible to the Fld surface, the observed effect has to be related to changes in the properties of the FMN. The values for k et for the reactions between PSI rd and Thr56Gly and Asn97Lys Fld ox mutants are increased ∼3-fold. These differences can again be due to a greater accessibility of the flavin cofactor in the Thr56Gly mutant, as was the case for the Tyr94Ala Fld mutant (22) , or to changes in the isoalloxazine environment that influence the flavin reduction properties. Complex formation with PSI is impaired in Thr56Ser, Asn58Cys, and Asn58Lys Fld mutants. Thr56 is not accessible to the Fld surface, suggesting that in the Thr56Ser mutant the observed effect is related to changes in the FMN properties. In contrast, the side chain of Asn58 is exposed to the solvent, and the data suggest that this residue is involved in the interaction with PSI. In addition, mutations at position 58 make k obs at a given protein concentration smaller than the corresponding value for WT Fld. This can be the consequence of either a different structural FMN environment that affects the ET mechanism or an orientation between the protein dipoles not optimal for ET. Moreover, the more negative E ox/sq for the Asn58Lys mutant (-33 mV), compared to that of WT Fld (23), might influence its kinetic behavior by decreasing the driving force for the reduction of Fld by PSI rd .
In conclusion, our data suggest that Glu16, Glu20, Glu61, Asp65, and Asp96 contribute to the right orientation and strengthening of the FNR-Fld or Fld-PSI complexes in attainment of an efficient ET, probably through the formation of weak salt bridges that produce a cooperative effect. However, taken together, our data indicate that the side chains of these amino acids are not involved in the formation of "crucial" salt bridges for optimal interaction with either FNR or PSI. The data also support the idea that the FNRFld interaction is less specific than the corresponding FNRFd interaction (7, 19) . Finally, the analysis of mutants of the FMN environment in Fld clearly indicates that the subtle modulation of the isoalloxazine environment influences not only the ability of Fld to exchange electrons but also its abilities to bind its physiological partners.
